The aim of the current study was to assess the effect of oral calcium and cholecalciferol supplementation on several parameters of calcium status in plasma and urine of captive Asian (Elephas maximus; n ¼ 10) and African elephants (Loxodonta africana; n ¼ 6) and to detect potential species differences. Calcium and cholecalciferol supplementation were investigated in a feeding trial using a crossover design consisting of five periods of 28 days each in summer. From days 28-56 (period 2), elephants were fed the Ca-supplemented diet and from days 84-112, elephants were fed the cholecalciferol-supplemented diet (period 4). The control diet was fed during the other periods and was based on their regular ration, and the study was repeated similarly during winter. Periods 1, 3, and 5 were regarded as washout periods. This study revealed species-specific differences with reference to calcium and cholecalciferol supplementation. Asian elephants showed a significant increase in mean plasma total calcium concentration following calcium supplementation during summer, suggesting summerassociated subclinical hypocalcemia in Western Europe. During winter, no effect was seen after oral calcium supplementation, but a significant increase was seen both in mean plasma, total, and ionized calcium concentrations after cholecalciferol supplementation in Asian elephants. In contrast, evidence of subclinical hypocalcemia could be demonstrated neither in summer nor in winter in African elephants, although 28 days of cholecalciferol supplementation during winter reversed the decrease in plasma 1,25(OH)2-cholecalciferol and was followed by a significant increase in mean plasma total calcium concentration. Preliminary findings indicate that the advisable permanent daily intake for calcium in Asian elephants and cholecalciferol in both elephant species at least during winter might be higher than current guidelines. It is strongly recommended to monitor blood calcium concentrations and, if available, blood parathyroid hormone levels to adjust the nutritional supplementation for each individual elephant.
INTRODUCTION
Hypocalcemia may cause problems in captive Asian elephants (Elephas maximus), particularly during parturition. 17, 20 The disorder is associated with dystocia in other species, and there are some indications that this may also play a role in captive elephants. 17, 20, 39 According to the European Asian Elephant Studbook, 35 out of 144 elephants calves were stillborn since 1980. That would amount to 24% of all Asian elephant calves born in captivity in European zoos. 2, 17 Although several studies have described the blood mineral status in predominantly Asian elephants, 1, [4] [5] [6] 9, 11, 14, 20, 22, [25] [26] [27] [34] [35] [36] 38, 40 only a few studies have addressed calcium status in elephants. 20, 25 To the authors' knowledge, only one study involved assessment of markers of bone status in Asian elephants. 18 In elephant hospitals in Thailand, bone fractures are regularly seen in semicaptive Asian elephants. 23, 30 In Lampang Veterinary Hospital, for example, bone fractures and lameness comprised 13 and 8.3% of elephant admissions, respectively, from January 2005 through July 2007. 23 Similar data were provided by Kasetsart Veterinary Hospital from 1997 through 2007, revealing 18% of the elephants being admitted for musculoskeletal or locomotion problems. Besides fractures and lameness, socalled trunk weakness has also been reported. Symptoms of trunk weakness not only include a weak trunk but also whole body shivering. Unfortunately, no blood calcium concentrations had been measured in these cases. Furthermore, rickets in hand-reared elephant calves, as confirmed by autopsy, was also mentioned and associated with deficient nutrition. 30 Unpublished data report the incidental collapse of free-ranging African elephants (Loxodonta africana) attributed to potential hypocalcemia after prolonged confinement in a livestock pen during the process of translocation in South Africa (Dr. Kobus du Toit, wildlife veterinarian, South Africa, pers. comm.).
The aim of the current study was to assess the effect of oral calcium and cholecalciferol supplementation in a feeding trial on different plasma and urine parameters of calcium status in captive Asian and African elephants and to detect potential species-specific differences. It was hypothesized that these treatments were effective in normalizing plasma (ionized) calcium concentration in case of potential hypocalcemia and thereby preventing (sub)clinical hypocalcemia. Subclinical hypocalcemia is defined as the condition in which the plasma-ionized calcium concentration can be enhanced by oral supplementation of calcium and/or cholecalciferol. Apart from testing mineral concentrations and vitamin D metabolites in plasma and urine, bone alkaline phosphatase (BAP), which is a marker for bone production, and nitrogen terminal telopeptide of type I collagen (NT x ), which is a marker for bone resorption, were also measured.
MATERIALS AND METHODS

Animals and diets
Ten Asian and six African female elephants from four different zoos (Hannover Zoo, Germany; Antwerp Zoo, Belgium; Safaripark Beekse Bergen, The Netherlands, and Rhenen Zoo, The Netherlands) participated in a feeding trial. The age of the Asian elephants ranged from 5-47 yr (mean 24.7 6 12.9 yr), and their body weight (BW) ranged from 1,400-4,444 kg (mean 3,028 6 860 kg). The age of the African elephants ranged from 11-37 yr (mean 22.2 6 7.6 yr) and their BW ranged from 3,000-3,500 kg (mean 3,167 6 236 kg; Table 1 ).
In a crossover design, the study consisted of five periods of 28 days each in summer. From days 28-56 (period 2), elephants were fed the Casupplemented diet and from days 84-112 elephants were fed the cholecalciferol-supplemented diet (period 4). The control diet was fed during the other periods and was based on their regular ration. The study was repeated during winter similarly. Given the setup of the study, each animal served as its own control. Urine and plasma samples were taken six times in both trials at the time points marking the various periods.
Periods 1, 3, and 5 were regarded as washout periods based on a previous study. 20 The hypothesis was not focused on whole-body calcium deficiency but on the effects of calcium and cholecalciferol supplementations on mineral and hormone concentrations in plasma and urine.
The regular (control) diet consisted of grass hay fed ad libitum, and each ration was supplemented with a small amount of bread, fruit, and lettuce. The small amounts of bread, fruit, and lettuce were provided for training purposes to facilitate animal handling and sample collection. The food intake during calcium or cholecalciferol supplementation was also recorded. The relevant mineral composition of the roughage fed in each zoo (summer and winter separately) was assessed by a commercial laboratory (Provimi, Rotterdam, The Netherlands). Gravimetry was used to analyze dry matter (DM), whereas minerals were analyzed by inductively coupled plasma atomic emission spectroscopy. As cholecalciferol is a vitamin exclusively of animal origin, the plant-based diet was not analyzed for it. Oral calcium supplementation was provided using pellets containing 60 g of calcium and 0 IU cholecalciferol per kilogram DM administered as 1-kg calcium rich pellets per 1,000 kg of BW. Additional cholecalciferol was supplied using pellets containing 9,998 IU cholecalciferol/kg pellet compared with 2,000 IU cholecalciferol/ kg regular pellet. By feeding 1-kg cholecalciferolrich pellets per 1,000 kg of BW, it was aimed to increase the cholecalciferol supply with about 8 IU/kg BW. This supplementation was based on the assumption that a calcium content in the DM of 0.3-0.7% is sufficient for elephants. 10, 41 Assuming that Asian elephants have a DM intake of approximately 1.5-1.9% of their BW and African elephants of 1.0-1.5%, it can be calculated that a daily calcium intake based on a calcium content in the DM of 0.3-0.7% equals 45-133 mg/kg BW and 30-105 mg/kg BW, respectively. 41 A vitamin D intake of 800 IU/kg DM was also advised. 41 However, it was not specified if cholecalciferol or a combination of cholecalciferol and ergocalciferol was needed. It was calculated based on the above suggestion, that the daily vitamin D intake would be 8-12 IU/kg BW and 12-15 IU for Asian and African elephants, respectively.
Furthermore, pellet production itself, on the other hand, limited the amount of calcium to be added to pellets due to the inability to produce firm enough pellets when their calcium content exceeds a maximum level. All zoos used both the calcium and cholecalciferol pellets from the same batch, whereas each zoo used its own roughage. The intake of calcium and phosphorus was calculated by multiplying the amount of food consumed by each elephant with the quantity (milligrams) of calcium and phosphorus per kilogram of food.
Clinical biochemistry and endocrinology
Blood was collected from the ear vein using heparinized syringes (Rapid Litet 3-ml syringe, Bayer HealthCare, Leverkusen, 51368, Germany). After collection, the blood was centrifuged for 5 min at 17,609 g, and plasma was separated from erythrocyte fractions. Heparinized venous plasma was stored at À208C and analyzed at the end of each seasonal trial. The plasma ionized calcium concentration was corrected at pH 7.4 using the following equation: The pH was only analyzed to exclude aberrant values as these might affect the ionized calcium concentration and therefore are not shown separately. Likewise, the creatinine concentration in blood was only used for calculating the fractional urinary excretion (FE), and separate values were not shown.
For urine samples, within 24 hr before/after blood collection, 10 ml of spontaneous midstream urine was collected. Immediately after collection, the urine samples were stored at À208C until assayed for creatinine (colorimetry/alkaline picrate, Time Rate, 520 nm, Beckman DXC-600 chemistry analyzer, Beckman Coulter, Woerden, 3447 GW, The Netherlands); calcium (indirect ISE/Ca ionophore membrane, Endpoint, Beckman DXC-600 chemistry analyzer, Beckman Coulter); and inorganic phosphorus (phosphormolybdate, Endpoint 2, 340 nm, Beckman DXC-600 chemistry analyzer, Beckman Coulter). Preference was given to depict the fractional excretion of various minerals rather than their concentrations in urine.
Based on plasma and urinary values, the FE of calcium and phosphorous were calculated using the following equation:
where U ¼ urinary; P ¼ plasma; Ca ¼ calcium, and cr ¼ creatinine. VAN 
SONSBEEK-CALCIUM STATUS IN ELEPHANTS
Unfortunately, it was not possible to collect blood and urine samples from all elephants every week during the study period as specified in the footnotes of Tables 3-6 .
Ultraviolet-B light measurements
Ultraviolet-B (UV-B) data based on satellite observations of ozone, cloudiness, presence of aerosols, and surface reflection of UV-B light were provided by the National Institute for Public Health and the Environment (RIVM) in Bilthoven, The Netherlands. In the zoos participating in this study, records were kept of the time the individual elephants spent outside their housing shelter. The values of daily UV-B irradiation (watt per square meter) and period of sunshine as provided by the RIVM and the time spent outdoors, were used to estimate the total amount of UV-B irradiation received by each elephant and compared with plasma concentrations of ionized and total calcium and phosphorous. Due to the small distance between the different zoos (200 miles at maximum), the UV-B data were applied on all the participating zoos.
Wild African elephants
To obtain an indication of basal blood calcium concentrations in wild African elephants, additional samples were analyzed in South Africa. Serum was used from 20 wild animals stored in the serum bank of the Kruger National Park, South Africa, as no plasma was available from this source. These 20 serum samples were collected in 2005, 2006 , and 2007 and equally divided between both sexes. In Hoedspruit, South Africa, two additional venous plasma samples were collected during anesthesia of two healthy female African elephants. In addition, 33 plasma samples collected by a private veterinarian in South Africa were obtained. All these samples were transported frozen to the Onderstepoort Faculty of Veterinary Medicine, University of Pretoria, South Africa, where they were analyzed for total calcium (ACE Calcium-Arsenazo Reagent, 647 nm/692 nm, reagent number AE5-10 ACE Alera, Alfa Klasserman, Siemens Medical Solutions); ionized calcium (silver/silver chloride electrode, Rapid Lab 340, Blood Gas analyzer, Siemens Medical Solutions); and pH (ISE Technology, silver/silver chloride inner conductor , Rapid Lab 340, Blood Gas analyzer, Siemens Medical Solutions). Unfortunately, samples of wild Asian elephants were not available for this study.
Statistical analysis
To determine whether the data were normally distributed, a Kolmogorov-Smirnov test was applied on all data sets combined with a probability-probability plot. Statistical analysis was performed by one-way analysis of variance using pooled data. When significant effects were detected, the Wilcoxon signed ranks test was performed on the data set of African elephants and the paired t-test on the data set of Asian elephants. To compare summer and winter values, the Wilcoxon signed ranks test was used for African elephants (n ¼ 6) and the paired t-test for Asian elephants (n ¼ 13). As only data obtained from Asian elephants were normally distributed, the paired t-test was used regarding Asian elephants. The significance of differences between condition (captive versus wild elephants) and gender were assessed by the Mann-Whitney test (two tailed). Correlations were assessed by means of the Pearson's correlation test. All tests were performed using SPSS 18.0 (IBM Corporation, Chicago, Illinois, USA). The significance level a was defined as P , 0.05 for all tests used.
A likelihood ignorable analysis was used because it uses all available information, without the need neither to delete nor to impute measurements or entire subjects. 42 
RESULTS
Animals and diets
The mean regular daily calcium intake of the Asian and African elephants was calculated at 94 6 31 and 59 6 17 mg/kg BW during summer, respectively, and 75 6 20 and 59 6 17 mg/kg BW during winter, respectively. The average mean regular daily phosphorus intake of the elephants during summer was 45 6 19 and 45 6 16 mg/kg BW, respectively, and 35 6 11 and 45 6 16 mg/kg BW during winter, respectively (Table 2) . Following oral calcium supplementation, the average mean daily calcium intake of the Asian and African elephants during summer was 145 6 25 and 107 6 8.5 mg/kg BW, respectively, and 125 6 15 and 107 6 8.5 mg/kg BW during winter, respectively, associated with an average mean daily phosphorus intake of the elephants during summer of 49 6 17 and 46 6 15 mg/kg BW, respectively, and 35 6 9.6 and 46 6 15 mg/kg BW during winter, respectively.
Clinical biochemistry and endocrinology
Mean plasma-ionized calcium concentrations were similar in Asian elephants between seasons, ranging from 1.21 6 0.03 and 1.25 6 0.04 mmol/L for summer and winter, respectively. The corresponding mean plasma total calcium concentrations were 2.80 6 0.32 and 2.98 6 0.19 mmol/L, respectively (Table 4 ). In addition, mean plasma concentrations of 25(OH)-cholecalciferol (37 6 14 and 40 6 11 nmol/L, respectively); 1,25(OH) 2 -cholecalciferol (8.8 6 7.4 and 11.5 6 6.6 pmol/L, respectively); BAP (12.7 6 5.4 and 15.1 6 9.0 lg/ L, respectively); and NT x (28.3 6 17.6 and 30.6 6 15.7 nmol/L bone collagen equivalent [BCE], respectively) were also similar in Asian elephants between seasons (Table 6 ).
Unfortunately, initial summer values were not available for African elephants, whereas mean values for ionized calcium, total calcium, and BAP were comparable in winter between both species (Tables 3 and 5 ). African elephants had higher mean concentrations of 1,25(OH) 2 -cholecalciferol (31.7 6 10.8 and 11.5 6 6.6 pmol/L, respectively); and NT x (30.6 6 15.7 and 17.0 6 10.9 nmol/L BCE, respectively); and lower mean 25(OH)-cholecalciferol concentrations (22.7 6 9.2 and 40 6 11 nmol/L, respectively) than Asian elephants in winter. h Missing plasma samples included six samples at T1, 1 at T3 during summer. Missing urine samples included six samples at T1, one sample at T2, two samples at T3, 2 samples at T4, one sample at T5, and four samples at T6 during summer (n ¼ 6).
i Indicates statistical significance between seasons. j Missing plasma samples included two at T3 during winter. Missing urine samples included two samples at T1, three samples at T2, one sample at T3, three samples at T4, three samples at T5, and one sample at T6 during winter (n ¼ 6).
k Indicates significant changes as compared with T1, except summer trial (compared with T2). Neither for Asian elephants nor for African elephants a significant correlation could be detected between age and total or ionized plasma calcium concentrations, where total calcium in Asian elephants was P ¼ 0.269 in the summer and P ¼ 0.383 in the winter; ionized calcium in Asian elephants was P ¼ 0.231 in the summer and P ¼ 0.229 in the winter; total calcium in African elephants was P ¼ 0.082 in the summer and P ¼ 0.099 in the winter; and ionized calcium in h Missing plasma samples included one sample at T4 during summer. Missing urine samples included three samples at T1, one sample at T2, one sample at T3 and three samples at T5 during summer (n ¼ 10).
i Indicates significant changes as compared with T1. j Missing urine samples included one sample at T3 during winter (n ¼ 10). h Missing plasma samples included six samples at T1, one sample at T2, one sample (only 1,25(OH)2-cholecalciferol) at T3, one sample (only BAP NTx) at T4 and two samples (only BAP NTx) and at T5 during summer (n ¼ 6).
i Indicates statistical significance between seasons. j Missing plasma samples included two samples at T3 during winter (n ¼ 6). k Indicates significant changes as compared with T1, except summer trial (compared with T2).
African elephants was P ¼ 0.256 in the summer and P ¼ 0.127 in the winter. The control diet fed to the elephants in the participating zoos was estimated to contain a mean calcium concentration ranging from 35-114 mg/kg BW at the beginning of the summer trial and from 35-88 mg/kg BW at the beginning of the winter trial. Following calcium supplementation by using special pellets, the mean estimated calcium concentration fed to the elephants in the participating zoos increased considerably (Table  2) .
In the Asian elephants, there was a significant (T3: P ¼ 0.005) increase in mean plasma total calcium concentration by 10.7% following calcium supplementation during summer (Table 4) . During winter, both mean total and ionized plasma calcium concentrations changed significantly by 6.0 and 3.2%, respectively, following cholecalciferol supplementation in Asian elephants (T5: P ¼ 0.009 and P , 0.001, respectively). Mean plasma-ionized calcium concentration decreased significantly (T6: P ¼ 0.025) by 2.4% at the end of the winter trial. Mean plasma inorganic phosphorus concentration increased significantly (T3: P ¼ 0.003) by 13.9% following calcium supplementation during summer and after the end of the summer trial (T6: P ¼ 0.036) by 8.3%. During winter, mean plasma phosphorus concentration increased significantly prior to cholecalciferol supplementation (T4: P ¼ 0.005) by 17.7% and after the end of the winter trial (T6: P ¼ 0.002) by 18.4%.
In African elephants, significant changes were detected only during winter, which consisted of an increase in mean plasma total calcium concentration at the end of the trial (T6: P ¼ 0.028) by 5.9% and a decrease in mean plasma 1,25(OH) 2 -cholecalciferol concentration prior to cholecalciferol supplementation (T4: P ¼ 0.043) by 30.2% and at the end of the (winter) trial (T6: P ¼ 0.043) by 50.2%.
Some mean values altered significantly when summer and winter trials were compared. In Asian elephants, mean plasma creatinine (109 6 20 lmol/L versus 116 6 21 lmol/L; P ¼ 0.024) and NT x concentrations (28.04 6 16.47 nM BCE (n ¼ 48) versus 25.5 6 14.87 nM BCE (n ¼ 48); P ¼ 0.025) differed significantly between summer and winter. In African elephants, mean plasma-ionized calcium was 3% higher (P ¼ 0.007) in summer (1.23 6 0.05 mmol/L) compared with winter (1.19 6 0.06 mmol/L). In addition, mean plasma 25-hydroxycholecalciferol in African elephants was 0.6% higher (P ¼ 0.009) in summer (15.7 6 7.5 nM/l) than in winter (15.6 6 8.0 nmol/L), whereas fractional excretion of calcium was 3.7 times lower (P ¼ 0.003) in summer than in winter 40 (11) 32 (11) 27 (8) 32 (10) 34 (13) 37 (12) i Indicates statistical significance between seasons. j Missing plasma samples included three samples at T1, two samples at T3, one sample at T5, and one sample at T6 during winter (n ¼ 10).
(4.42 6 4.01 versus 16.31 6 9.95% respectively). Remarkably, the fractional excretion of calcium did not change significantly over time during both trials most likely associated with the rather large SD.
UV-B light measurements
The amount of UV-B radiation is shown in Table 8 . However, the amount of UV-B radiation differed significantly between the various periods in summer and winter trial. No significant correlation between various biological measurements and UV-B irradiation were detected.
Wild African elephants
Serum and plasma data for wild elephants are presented in Table 7 . Total plasma calcium concentration was 17.4% lower (P , 0.001) in the studied wild female animals compared with their captive female counterparts, whereas the corresponding value for plasma ionized calcium was 18.3% lower (P ¼ 0.039). Furthermore, plasma ionized calcium were significantly (P ¼ 0.001) higher (8.2%) in wild male elephants compared with wild females.
DISCUSSION
Little is known about the calcium status in elephants. The few reports available indicate that elephants resemble the equine species with reference to calcium status 4, 20, 41 as elephants absorb calcium almost unlimitedly from the intestines similar to the horse and in contrast to the bovine species. 8, 32 On the other hand, high urinary calcium concentrations have also been reported in captive elephants 29 similar to the equine species.
For the purpose of the present study, it was hypothesized that oral calcium and cholecalciferol supplementation were effective in normalizing plasma (ionized) calcium concentrations in case of potential hypocalcemia. Asian elephants in this study showed a significant increase in plasma total calcium concentration following calcium (T3) supplementation during summer, thereby suggesting subclinical hypocalcemia during summer as its calcium concentration could be increased. During winter, both mean plasmaionized calcium and plasma total calcium concentrations increased significantly following cholecalciferol supplementation (T5), whereas it decreased 28 days after cessation of cholecalciferol supplementation (T6) in the same animals, suggesting subclinical hypocalcemia during winter as reported previously. 20 In contrast, subclinical hypocalcemia could be demonstrated neither in summer nor winter in African elephants as based on mean plasma (ionized) calcium concentration monitored during both feeding trials.
Asian elephants, like horses, are less dependent on cholecalciferol to absorb calcium from their gut and probably maintain their calcium plasma level predominantly via renal calcium excretion.
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The fact that the small intestine of E. maximus is about twice as long as the small intestine of L. africana might also be of importance. 33 From an evolutionary point of view, this may have been the result of natural selection, making the Asian elephant more of a forest dweller than the African elephant, less dependent on UV-B light by increasing the calcium-absorption surface by means of a longer small intestine, suggesting enhanced paracellular calcium absorption. 7 One of the functions of cholecalciferol is to increase the absorption of calcium and phosphorus from the intestines. 7 In this study, the oral cholecalciferol supplementation (T5) to the Asian elephants either during summer or winter resulted in an increase in mean plasma calcium concen- trations. The Asian elephants also showed a significant increase in plasma total calcium concentration following calcium supplementation (T3: P , 0.001) during summer associated with an increase in plasma phosphorus concentration (T3: P ¼ 0.003). The plasma phosphorus concentration might theoretically reflect the net effect of parathyroid hormone (PTH) by increasing the urinary excretion of phosphorus or by decreasing the rate of tubular reabsorption. 7 On the other hand, the unexpected increase in mean plasma phosphorus concentration in Asian elephants during several periods (T3 and T6 during summer and T4 and T6 during winter) might be due to their supposed higher sensitivity to UV-B irradiation and associated production of cholecalciferol.
Subclinical hypocalcemia could not be demonstrated either in winter or summer in African elephants, based on monitoring of mean plasma (ionized) calcium concentrations during the feeding trial. A possible explanation for this speciesspecific difference is that African elephants inhabit savannahs and are exposed to much more intense UV-B irradiation. To protect its body from the negative influences of strong UV-B irradiation, the African elephant's skin might be better adapted to excessive UV irradiation compared with the Asian elephant. As a consequence, African elephants might have a much higher dermal threshold for cholecalciferol conversion from 7-dehydrocholesterol facilitated by UV-B irradiation in contrast to their Asian counterparts, which inhabit forests mostly. Of interest, the Dutch Health Council concluded that humans with a dark skin color have to stay longer in the sun or should take more cholecalciferol orally, in comparison to humans with a light skin color, to produce the same amounts of cholecalciferol.
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Under (lower) UV-B irradiation circumstances in Northwest Europe, it might be hypothesized that African elephants rely on intestinal cholecalciferol absorption more heavily especially in winter. Interestingly, a decrease in plasma 1,25(OH) 2 -cholecalciferol concentration even prior to cholecalciferol supplementation was seen in the African elephants at the end of the winter trial. Furthermore, intestinal calcium absorption following oral calcium supplementation might be hampered in African elephants due to relative 25(OH)-cholecalciferol and/or 1,25(OH) 2 -cholecalciferol deficiencies. Because of the presence of relatively high levels of cholecalciferol, extra calcium administered orally can be absorbed from the gut immediately, and as a consequence Asian elephants will react more strongly on calcium supplementation compared with African elephants. 12, 16 To the authors' knowledge, only one study mentioned serum cholecalciferol concentrations namely in captive African elephants in Florida. 24 The mean concentration of 25-(OH)-cholecalciferol in that study was 39.4 6 18.7 nmol/L compared with data for L. africana in the range of 15.6 6 7.7 nmol/L and for E. maximus in the range of 35.6 6 11.7 nmol/L from the current study. No significant correlation between either calcium or phosphorus and 25-(OH)-cholecalciferol was observed. A significant seasonal variation or a significant relationship with age could also not be detected. An explanation for a higher 25-(OH)-cholecalciferol concentration in the elephants in Florida might be that this region is exposed to more UV-B irradiation than The Netherlands (288N versus 528N) due to its geographic location; therefore, the elephants are likely to receive more UV-B light in Florida, thereby synthesizing more endogenous cholecalciferol. Based on a study in San Diego (California), it was concluded that their diet was sufficient and that calcium and phosphorus values were even higher in elephants kept in zoos than in wild elephants. This specific study analyzed the plasma values of wild elephants that were captured and moved to San Diego Zoo. 31 No evidence of (subclinical) hypocalcemia was detected in these animals. However, San Diego is also closer to the equator with the degree of longitude of San Diego 28 However, it was not mentioned in which period of the year these elephants were moved. Based on monitoring mean plasma (ionized) calcium concentration during both feeding trials, subclinical hypocalcemia could be demonstrated neither in summer nor in winter in African elephants. The African elephants in this study were regarded as normocalcemic but may need some extra cholecalciferol in their diet during winter months. From October through March, the natural UV-B light in Northwest Europe is not sufficient for cholecalciferol production in the skin in sheep. 28 Whether or not this is also true for African elephants is not known.
The findings in the current study support the opinion that the calcium status of E. maximus is comparable to the calcium status in horses as stated previously. 4, 20, 41 The Asian elephants in this study had characteristically high plasma total and ionized calcium concentrations, very similar to horses.
3,15,21 These values were also much higher than International Species Information System reference values.
24 Plasma phosphorus and 25-(OH)-cholecalciferol concentrations were also comparable to horses. 3, 15 No significant changes in plasma total calcium concentrations were detected in horses when fed more or less cholecalciferol, indicating that, in the equine species, cholecalciferol administration (in any form) had no influence on its plasma level. 3 As shown in the current study this also seems to be the case in African elephants, at least during summer.
No significant changes with reference to overall mean plasma concentrations of calcium (total calcium P ¼ 0.083; ionized calcium P ¼ 0.375), phosphorus (P ¼ 0.475), BAP (P ¼ 0.797), vitamin D metabolites (25(OH)-CC P ¼ 0.145; 1,25(OH)2-CC P ¼ 0.921) or FE of calcium (P ¼ 0.385) between summer and winter months in Asian elephants were found in this study. NT x plasma concentrations were significantly lower during winter in Asian elephants (P ¼ 0.025), illustrating the occurrence of calcium absorption from bone. African elephants showed significant changes in overall mean-ionized calcium plasma concentration (P ¼ 0.007), 25-(OH)-cholecalciferol (P ¼ 0.009) plasma concentration, and FE of calcium (P ¼ 0.003) between summer and winter, perhaps due to a larger UV-B irradiation dependency. Plasma concentrations of total calcium (P ¼ 0.439), phosphorus (P ¼ 0.480), 1,25(OH)2-CC (P ¼ 0.278) or bone markers (BAP: P ¼ 0.424; NT x : P ¼ 0.232) did not differ significantly.
Unexpectedly, total as well as ionized calcium concentrations in plasma in the wild African elephants in this study were significantly lower than in the captive conspecifics. Similar differences for total plasma calcium concentrations were described in a previous report. 31 Most of these wild animals were sedated before blood collection in contrast to the captive elephants. However, sedation should have minimal effect on the calcium levels in plasma. 31 Other differences between the two groups were diet, the amount of UV-B irradiation and level of exercise. One might consider that plasma calcium concentrations in these wild animals do not reflect the optimal concentrations, as most of the elephants concerned were living in overpopulated areas, where one might expect a decrease in calcium-rich foliage. There is evidence that wild elephants of both species have clear feeding preference for shrubs and bushes with very high calcium concentrations, thereby illustrating the challenges for these giant terrestrial vertebrates in maintaining calcium homeostasis. 43 Unfortunately, an appropriate PTH assay was not available during the time this study was performed. PTH is a very important hormone in calcium homeostasis. It is produced and secreted by the parathyroid glands when plasma calcium levels are (too) low in order to restore calcium homeostasis by stimulating bone resorption and increasing renal tubular resorption of calcium and accelerating production of 1,25(OH) 2 -cholecalciferol to increase plasma calcium levels. 7 If an animal suffers from nutritional hypocalcemia, plasma PTH concentrations will increase and will decrease as soon as the restored the amount of calcium in blood. Because this hormone is not influenced by sunlight as much as vitamin D metabolites and given its clear biologic function, it would have been a valid addition to this study.
CONCLUSIONS
Dietary calcium levels seem to play a superior role in Asian elephants compared with the influence of natural UV-B irradiation. The African elephants in their natural environment may be strongly influenced by natural UV-B irradiation and as a result may be more dependent on 1,25-(OH)-cholecalciferol. The present study suggests a daily dietary calcium intake of 95 mg/kg BW for Asian elephants rather than 45 mg/kg BW (the latter range as based on a calcium content in the DM of 0.3-0.7%), depending on the condition of the animal (growing, pregnant, or lactating) with 95 mg/kg BW being the lower limit of the calculated calcium intake during calcium supplementation of the current trial. It is strongly advised to monitor blood calcium concentrations and, if available, blood PTH levels to adjust the nutritional supplementation for each individual elephant accordingly.
